The aim of this study was to compare body composition (BC) and morphological symmetry differences among elite athletes (n = 132) in six martial arts (judo, karate, fencing, wrestling, taekwondo, kickboxing). Multivariate analysis of variances (MANOVA) was used to compare the following variables: absolute (FFM) and relative (FFM rel ) value of fat free mass, percentage of fat mass (FMp), bone mass, protein mass, basal metabolic rate, absolute (TBW) and percentual (TBWp) value of total body water, segmental proportion of muscle mass, phase angle, and percent-age differences between the upper and lower limbs. MANOVA revealed significant differences in BC among the groups (λ = 0.01, F 104,256 = 10.01, p< 0.01, ηp 2 = 0.67). No significant differences were observed for FM p , FFM rel , and TBW p (p>0.05). In all other BC variables, significant differences were detected (p<0.05). The comparison of paired differences between limbs revealed significantly greater fluid volume in the preferred arm compared to the non-preferred arm in karate and fencing athletes. Significant differences (p<0.05) in favour of the preferred leg in all combat athletes were detected. This study revealed morphological differences among practitioners of different martial arts and between paired limbs.
INTRODUCTION
There is a need to determine the factors that enable high-level athletes to maximize their performance (Krzykala, 2012) . The main aim in sports is to achieve the best possible competitive result, and this is the main motivation for training (technical, tactical, physical, and psychological) (Dopsaj et al., 2017) . In order to achieve desired results in sports, it is necessary for the athlete to possess certain characteristics, among which body structure is greatly important. Body compartments, among other factors, play an important role in physical performance (Mala et al., 2015a) . The body structure of an athlete is vital in some sports, while in other sports, such as wrestling, boxing, judo, karate, and rowing, it plays a limited role because competitors are divided into weight categories (Dopsaj et al.) . Body composition (BC) is a key consideration in the physical makeup of combat sport athletes. One aim of BC assessment is to differentiate and quantify the different body compartments (Sutton et al., 2009) .
Possessing a body morphology that is suitable for a particular sport is an advantage for the athlete. Moreover, the athlete's body can change to match the optimal morphology for the given sport with appropriate training. Training can also be used to assess the symmetry of active mass distribution in individual segments to minimize the risk of injury (Mala et al., 2014) . Due to the explosive activities performed in martial arts, excess adipose tissue acts as a "dead weight" when the body must be repeatedly lifted against gravity during locomotion and jumping (Reilly, 1996) . As such, excess adipose tissue decreases performance and increases energy demands. In combat sports, morphological and body structure parameters should be assessed because they may significantly affect the techniques chosen by the athlete during a fight (Kasum & Dopsaj, 2012) .
In the literature, optimal BC has been assessed in the context of martial arts. The following areas have been investigated: weight categories, the optimal proportion of fat free mass and fat mass (Franchini et al., 2011; Mala et al., 2015b) , the dimensions of body segments (Franchini et al.) , dietary habits, and the effects of fast body weight loss on sport performance (Ljubisavljevic et al., 2015; Mala et al., 2016) . Only a few studies have covered morphological symmetry and asymmetry in the bodies of athletes Rauter et al., 2017) and specifically, morphological asymmetry among athletes competing in combat sports Krstulovic et al., 2017; Mala et al., 2017) .
Long-term preferred and uncompensated loads on one side of the body may lead to asymmetry and the dominance of one leg or hand over the other, which can be the result of preexisting limb preferences (footedness and handedness). When this situation is repeated over many years, during which the athlete practices repetitive asymmetric loading, some morphological and function asymmetry can develop . Even if training is conducted correctly, the physical stress imposed by the discipline could be strong enough for athletes to inevitably develop a certain degree of functional and morphological asymmetry as the result of adaptive changes on the dominant side (Vad et al., 2004) .
Long-term asymmetrical loading has been shown to cause differences in bone mineral composition and density between the dominant and non-dominant arms of racquet sport players (Kannus et al., 1995) . Arm asymmetry has also been observed in professional tennis players, with approximately 20 % more bone mineral content and muscle mass observed in the dominant arm (Calbet et al., 1998) . These maladaptive effects occur in young athletes as well as elite and adult athletes. Mala et al. (2017) reported a significantly higher proportion of muscle mass in the preferred limb (upper and lower limb) in young judo athletes (n = 39, age = 12.08 years). Although many studies have focused on BC and morphological/physiological asymmetry in athletes, none has investigated morphological asymmetry among high-level athletes who participate in different martial arts.
The aim of this study was to present the differences in morphological body symmetry among different martial arts competitors and to compare the effects of the type of martial art on eventual asymmetry in order to minimize the risk of injury and to examine the suitability of assessing morphological asymmetry without using more detailed methods.
MATERIAL AND METHOD
Subjects. Elite male (n = 132) competitors in six different combat sports, namely judo (J: n = 19), karate (K: n = 29), fencing (F: n = 22), wrestling (W: n = 25), taekwondo (T: n = 20) and kickboxing (Ki: n = 17), agreed to participate in the present study. The performance level profiles of the groups are shown in Table I and the basic anthropometric parameters are stated in the Results section (Table II) . The athletes did not engage in any strenuous physical exercise for 2 days prior to the evaluation. The procedure of the study was explained to all athletes and signed informed consent was collected before the assessments were performed. The research was approved by the ethical committee of the Faculty of Physical Education and Sport, Czech Republic.
Procedures
Anthropometric measurement. Anthropometric data were recorded before BC assessment. Body height (BH) was measured using a digital stadiometer (SECA 242, Hamburg, Germany) and body mass (BM) using a digital scale (SECA 769, Hamburg, Germany).
Assessment of body composition. Body composition data were recorded under the same conditions in the morning: the participants used no medications and did not reduce their body weight prior to the measure-ment,neither radically nor in the long-term before competitions. To assess whole-body bioimpedance, we used a multi-frequency Tanita MC-980MA bioimpedance analyser (Tanita Corp., Tokyo, Japan).
The following variables were recorded: body height (BH), body mass (BM), body mass index (BMI), fat free mass (FFM), relative value of fat free mass (FFM rel ) percentage of fat mass (FM p ), total body water (TBW), percentage of total body water (TBW p ), extracellular water (ECW), intracellular water (ICW), bone mass (BM), segmental fluid distribution for trunk, upper and lower limb as well as their differences between paired limbs (preferred vs. non-preferred).
Statistical analysis. For all dependant variables, we calculated basic descriptive statistics: central tendency (mean), variability (standard deviation), and shape (skewness, kurtosis). The assumptions for using a parametric test were satisfied, and differences in the observed dependant variables among the groups were assessed using multivariate analysis of variance (MANOVA). We used multiple comparisons of means (Bonferroni's post-hoc test) to compare differences in particular parameters among the groups. The comparison of segmental fluid distribution between limbs was performed using Student's t-test for dependent variables, which was preceded by analysis of variance (ANOVA) based on an F-test.
For all analyses, the statistical significance level was set at p = 0.05 and the effect size was assessed using the "partial Eta square" coefficient (ηp 2 ). Statistical analysis was performed using IBM ® SPSS ® v24 (Statistical Package for Social Science, Inc., Chicago, IL, 2012).
RESULTS
Multilevel analysis of variance revealed significant differences in body composition parameters among the groups (λ = 0.01, F 104,256 = 10.01, p< 0.01, ηp 2 = 0.67).
Anthropometric parameters.
Comparison of basic parameters revealed significant differences in age among the groups (F 5,125 = 4.06, p = 0.00, ηp 2 = 0.14) (Table II ). Bonferroni's post-hoc test indicated a significant difference between fencers and wrestlers/taekwondo athletes (p< 0.05). We also found differences in BH (F 5,125 = 17.12, p = 0.00, ηp 2 = 0.41; post-hoc test: W vs. J, K, F, T, and Ki (p< 0.05); K vs. J, F (p< 0.05) and BM (F 5,125 = 9.59, p< 0.00, ηp 2 = 0.16; post-hoc test: W vs. J, F, and Ki (p< 0.05); J vs. T (p< 0.05). Conversely, we did not find any significant difference in BMI (F 5,125 = 1.84, p = 0.11, ηp 2 = 0.07) among the groups.
Body composition. The body composition profiles and differences in selected body composition parameters among the groups are presented in Table III . No significant differences among the groups were observed for relative values of FM p , FFM rel , and TBW p (p> 0.05). In contrast, we found significant differences for all other variables (Table III) . BMI -body mass index, X -arithmetic mean, SD -standard deviation, J -judo, K -karate, F -fencing, T -taekwondo, Ki -kickboxing, ** -p < 0.01. Segmental body fluid distribution. Analysis of variance revealed significant differences among the groups for all variables (Table IV) . All of these variables were expressed as absolute values. Kickboxers showed the highest values of fluid in all variables.
Morphological differences. The findings for morphological differences were interesting (Table V) . Morphological differences in the upper limbs were significantly greater in fencers (0.20 ± 0.11 l) than in judo (0.20 ± 0.11 l), karate (0.10 ± 0.07 l), wrestling (0.06 ± 0.06 l), and taekwondo athletes (0.06 ± 0.06 l).
UEdiff -paired differences between upper limbs, LEdiff -paired differences between lower limbs, X -arithmetic mean, SD -standard deviation, Jjudo, K -karate, F -fencing, T -taekwondo, Ki -kickboxing, ** -p < 0.01. NA -non-preferred arm, PA -preferred arm, NL -non-preferred leg, PL -preferred leg, X -arithmetic mean, SD -standard deviation, J -judo, Kkarate, F -fencing, T -taekwondo, Ki -kickboxing, ** -p < 0.01. Table IV .Segmental body fluid distribution and comparison among the groups.
FM -fat mass, FFM -fat free mass, FFMrel -relative value of fat free mass, TBW -total body water, TBWp -percentage of total body water, ECWextracellular water, ICW -intracellular water, X -arithmetic mean, SD -standard deviation, J -judo, K -karate, F -fencing, T -taekwondo, Kikickboxing, ** -p < 0.01. In contrast, we detected the greatest morphological differences in athletes involved in sports that prioritize kicking (taekwondo, karate, kickboxing) or a standing fight position (fencers) in the lower limbs.
The comparison of paired differences between limbs (upper and lower limbs) revealed significantly greater fluid volume in the preferred arm compared to the non-preferred arm in karate and fencing athletes (Table VI) . Moreover, we found significantly greater differences in favour of the preferred leg in all athletes. The highest absolute value of FFM was found in judo athletes (Table III) . Since success in judo is largely determined by strength, FFM together with compartment muscle mass predicts muscular efficiency and sports performance. The mean values of FFM suggest that judo and kickboxing athletes benefit from high FFM. The only other significant difference was detected for absolute FFM.
A lower proportion of FMp was found in judo athletes (9.8±3.75 %). Furthermore, in line with previous reports, all groups had a low proportion of FMp. Previous studies have presented the FMp in kickboxing elite athletes (6.1-11.4 %) (Ljubisavljevic et al.) , amateur athletes (9-16 %) (Ouergui et al., 2014) , boxers (9-16 %) (Chaabène et al., 2015) , karate athletes (7.5-16.8 %) (Chaabène et al., 2012) , and judokas (7.4-14.7 %) (Franchini et al. ; Mala et al., 2017) .
X -arithmetic mean, SD -standard deviation, t -value of the testing criterion in a t-test; Sig. (2-tailed) -significance; CI-confidence interval, df -degrees of freedom.
Table VI. Paired differences between the lower and upper limbs in the observed groups.
We did not find any significant differences in FM p among the groups (Table III) . The highest values of FM p were observed in taekwondo athletes (12.82 ± 4.46 %) and the lowest in judo athletes (9.81 ± 3.75 %). Individual assessment of athletes revealed higher FMp in athletes with greater body mass and a tendency to be included in heavier weight categories (if stated by the rules). It has been reported that competitors in heavier weight categories have a higher percentage of FM. Low FM p values and high FFM val-ues (Table III) confirmed the tendency toward elite performance in all athletes.
Fluid distribution. TBW accounted for 63-66 % of body mass, while ICW accounted for 65 % of TBW on average. The significant difference (Table IV) in TBW and its components (ICW and ECW) among the groups was the result of comparing the absolute values without taking BH and BM into account. As such, these differences do not indicate higher-quality BC in particular martial arts athletes. The lowest absolute values of fluid distribution in individual segments were found in wrestlers, which can be explained by the fact that these athletes had the lowest BM and BH. Due to the distribution of segmental body fluid, the specifics of particular martial arts were revealed. The highest proportion of body fluid in the lower limbs was found in kickboxers and fencers, whereas the lowest proportions of body fluid in the upper limbs were recorded in taekwondo athletes and wrestlers.
Morphological differences.
Unilateral load is required in certain sports specializations (e.g., fencing, karate, and kickboxing). If one side of the body dominates over the other because of the requirements of specific movements (e.g., kicking in kickboxing), different forms of asymmetry can appear (morphological, neuromuscular). These sports disciplines can be related to asymmetry due to tissue adaptation resulting in bilateral asymmetry (e.g., fluid distribution or strength differences between the limbs). Asymmetry is a consequence of extended lateral training which is used in many martial arts, particularly by those individuals who start to compete internationally. These combat athletes begin to develop their Tokui-Waza (special technique).
The most "symmetrical" sport included in the current study is judo, as the morphological differences in the upper limbs (0.08±0.07 l) and morphological differences in the lower limbs (0.14±0.10 l) were the lowest among the groups. In contrast, fencing appears to be the least symmetrical sport, since morphological differences in the upper limbs were significantly greater than those in judo, karate, wrestling, and taekwondo athletes (Table V) .
This result is in accordance with the research of Krstulovic et al. , who tested 28 female judokas (aged 21.0±2.3 years, Croatian national team) and reported differences in morphological, functional, and dynamic asymmetry between elite and sub-elite competitors. Statistically significant differences in the coefficients of asymmetry between elite and sub-elite female judokas were recorded in only two variables of dynamic asymmetry (maximum dynamometric force and seat shot put test). The authors reported no significant difference in coefficients assessing morphological asymmetry between elite and subelite female judokas. Furthermore, they presented relatively low levels of asymmetry in morphological variables in both groups of female judokas (0.4-1.6 % in elite judokas vs. 0.7-1.6 % in sub-elite judokas).
In judokas, we observed a tendency to preferentially use one side of the body in a voluntary act. This tendency characterizes the lateral preference. This lateralization has been suggested to be only 10-20 % dependent on genetics. Similarly, in judo, when using the right grip with the dominant hand, right stance-dominant judokas usually operate with the left leg as the supporting leg and the right leg used as the "execution" or attacking leg. The right or attacking leg is also positioned closer to the opponent and is therefore more frequently attacked with hooking and sweeping techniques with the intention of throwing the opponent off balance. This mostly occurs in the scenario of two right grip fighters facing each other. Therefore, the execution leg performs more work than the supporting leg, which could lead to imbalance between the muscles of the left and right sides.
When comparing paired differences between the lower and upper limbs, we recorded a significant difference in asymmetry in judo athletes (p<0.05). The reason for this is likely long-lasting and regular training sessions combined with the intensive asymmetrical muscle loads associated with the sport, which may cause different types of overloads and lead to different motor organ injuries and deformations (Barczyk et al., 2012) . The greatest morphological differences in the lower limbs were found in athletes engaged in kicking forms (taekwondo, karate, kickboxing) or in those who had a preferred standing fight position (fencers).
When assessing paired differences between the lower and upper limbs among the groups, fencing and karate appeared to be the most asymmetrical sports. Asymmetry in both the lower and upper limbs was found (Table VI) . Even everyday activities, through the tendency for a greater functional use of the dominant limb in relation to the nondominant limb, may contribute to morphological asymmetry (Roy et al., 1994) . In asymmetrical sporting disciplines (e.g., fencing), a certain level of morphological asymmetry often develops due to the physical and neurological demands of the locomotor apparatus of the dominant limb in relation to the non-dominant limb, which can even lead to ossification of some parts of the body in elite athletes (Krzykala) .
To correctly perform a particular technique (e.g., high kicks in karate, kickboxing), an optimal range of joint mobility is required. Muscle imbalance and shortening may limit the range of joint mobility and can become a limiting factor for performing some movements (kicks and strikes) in karate. The reasons for muscle imbalance are unilateral overloading, overloading in a karateka's stance, and the absence of regular compensation exercises in training sessions. In the lower limbs, we found the greatest morphological difference in athletes preferring kicking (taekwondo, karate, and kickboxing) or standing fight positions (fencers). In all groups, we observed significant differences between the preferred and non-preferred lower limb. In terms of paired differences between the lower limbs, judo was considered an asymmetric sport (Table VI) (p=0.04). Judo can be categorized as an asymmetric sport, in which the combat techniques are performed in a certain direction that dominantly engages the muscles of either the left or right side of the body (Krstulovic et al.) . Asymmetry in judo can be explained by the fact that right hand-dominant judokas usually fight with a right-dominant stance. The right hand is usually used to grab the lapel or sleeve of a judogi to start the attack. It can also be the leading upper arm in the right-versus-right stance scenario. The right hand is also the most activated during the kuzushi phase, when one fighter attempts to throw their opponent off balance. Mala et al. (2017) reported that in adolescent judo athletes, when personal techniques (Tokui-Waza) are being selected, the techniques are unilaterally executed and that when one limb becomes more preferred during Ashi-Waza (leg techniques), morphological asymmetry can develop in the proportion of muscle mass in upper and lower limbs. The authors monitored 39 adolescent judo athletes (age 12.08 ±1.47 years) and reported that the bilateral comparison of the muscle mass proportion between the preferred and nonpreferred limbs showed a significantly higher proportion of muscle mass in the preferred upper and lower limbs in boys (p<0.01).
CONCLUSIONS
This study compared BC among competitors in six different martial arts. The study revealed morphological differences among the groups as well as between paired limbs. The specific principles of asymmetric and uncompensated activities in these sports disciplines may lead to asymmetry (morphological, functional, etc.) and are linked to tissue adaptation resulting in bilateral asymmetry. The prevalence and reasons for asymmetry may be induced and subsequently accelerated by unilaterally focused and insufficiently compensated sports activity (kicking, pushing, hitting, and jumping). Limb preferences (handedness and footedness) occur in sports as a part of adaptive processes and are even desirable when executing manipulations. However, from the perspective of morphology, physiology, and the level of physical ability, these differences should be minimized using proper compensatory exercises.
These data may be useful to other researchers performing comparative studies and may serve as a basis for the assessment of elite martial arts athletes. The results may be beneficial to athletes, coaches, athletic trainers, physiotherapists, doctors, and other clinical staff involved in elite martial arts. The forms of morphological asymmetry detected in this study should be eliminated using proper compensatory exercises. entre los practicantes de diferentes artes marciales y entre las miembros emparejadas.
PALABRAS CLAVE: Deportes de combate; Asimetrías morfológicas; Deportistas de élite; Masa grasa; Masa libre de grasa.
